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Two key factors govern how bilingual speakers neurally maintain two languages: the speakers’ second
language age of acquisition (AoA) and their subsequent proﬁciency. However, the relative roles of these
two factors have been difﬁcult to disentangle given that the two can be closely correlated, and most prior
studies have examined the two factors in isolation. Here, we combine functional magnetic resonance
imaging with diffusion tensor imaging to identify speciﬁc brain areas that are independently modulated
by AoA and proﬁciency in second language speakers. First-language Mandarin Chinese speakers who are
second language speakers of English were scanned as they performed a picture-word matching task in
either language. In the same session we also acquired diffusion-weighted scans to assess white matter
microstructure, along with behavioural measures of language proﬁciency prior to entering the scanner.
Results reveal gray- and white-matter networks involving both the left and right hemisphere that in-
dependently vary as a function of a second-language speaker's AoA and proﬁciency, focused on the
superior temporal gyrus, middle and inferior frontal gyrus, parahippocampal gyrus, and the basal
ganglia. These results indicate that proﬁciency and AoA explain separate functional and structural net-
works in the bilingual brain, which we interpret as suggesting distinct types of plasticity for age-de-
pendent effects (i.e., AoA) versus experience and/or predisposition (i.e., proﬁciency).
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Prior studies of bilingualism have identiﬁed ways in which the
neural representation of a second language (L2) differs from that of
an individual's ﬁrst language (L1). Speciﬁcally, there are several
differences in activation between L2 and L1, both in terms of degree
and extent. L2s tend to not only show more activity within tradi-
tional left-hemisphere language areas, but also tend to activate more
regions outside the traditional language network (Chee et al., 2004;
Dehaene et al., 1997; Kim et al., 1997; Perani et al., 1998; Warten-
burger et al., 2003). Much of the current data come from studies
using fMRI to compare cortical activity, although an emerging lit-
erature also reveals differences between L2 and L1 in white matter
connectivity as examined with diffusion tensor imaging (DTI).
There are two predominant theories as to why neural signatures
of L2 differ from those of L1. The ﬁrst is that these differences reﬂect
reduced neuroplasticity during L2 learning that occurs at a later ageInc. This is an open access article
, Department of Psychology,
Canada N6C 5B7.than L1 learning. On this account L2 learning requires increased
neural resources due to maturational changes in neural plasticity
within regions and pathways supporting ﬁrst language learning
(Abutalebi, 2008; Klein et al., 2013; Li et al., 2014; Mechelli et al.,
2004; Pakulak and Neville, 2011; Perani et al., 1996; Wartenburger
et al., 2003; Weber-Fox and Neville, 1996). Concordant with this
view, studies have found that age-of-acquisition (AoA) modulates
these effects; individuals who are early L2 learners show patterns of
brain activity that are more similar for L1 compared to late L2
learners (Perani and Abutalebi, 2005; Wartenburger et al., 2003).
Additionally, structural connectivity, as measured using DTI, appears
to vary as a function of AoA. A common measure of white matter
microstructure is fractional anisotropy (FA), which ranges from zero
to one and represents the cohesiveness of white matter tracts. High
FA suggests that water diffusion is restricted to a single direction and
thus the white matter tract is cohesive, while low FA suggests that
water diffusion is unrestricted and the tract is less cohesive. FA varies
with AoA such that children who learned two languages from birth
(simultaneous bilinguals) show higher white matter integrity in the
left inferior fronto-occipital fasciculus (IFOF), the tract connecting
anterior frontal regions with posterior temporal regions whenunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Subject demographics.
Measure Mean (SD) Min Max
Age (years) 22.18 (4.24) 18 35
Sex f 17
m 5
Years of schooling 14.8 (2.26) 12 20
Proﬁciency (% correct) L1 85.98 (6.34) 72.92 97.92
L2 68.28 (6.62) 54.17 77.08
Age of Acquisition 13.82 (7.12) 4 30
Duration of exposure to L2 (years) 8.36 (4.47) 0 15
Note: Proﬁciency score reﬂects percent correct on each language's proﬁciency test.
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(Mohades et al., 2012). However, lower integrity was also found in
the tracts projecting from the anterior portion of the corpus callo-
sum to orbitofrontal cortex compared to late L2 learners. These re-
sults highlight how differences in brain connectivity may be related
to L2 AoA. Research suggests that there are separate L1 and L2
networks that are complementary in their importance as a function
of AoA (Mohades et al., 2012). The differing inﬂuence of AoA on
separate tracts may reﬂect their relative importance in L1 versus L2
processing.
The alternative theory is that neural differences in L1 versus L2
are instead driven by the fact that individuals' L2 is generally lower
in proﬁciency than their L1. On this account, second language
processing involves increased processing demands, and therefore
greater neural resources. While greater processing demands may
induce experience-based plasticity, these changes should be se-
parable from age-induced plasticity. Indeed, prior neuroimaging
studies have observed that higher-proﬁciency L2 users do show
patterns of neural activity that more closely resemble those of L1
users, compared to lower-proﬁciency L2 users, even when AoA is
controlled for (Chee et al., 1999; Newman et al., 2012; Pakulak and
Neville, 2011; Perani et al., 1998; Wartenburger et al., 2003).
While both AoA and proﬁciency explanations are appealing, it
is difﬁcult to adjudicate among them given that the two are gen-
erally confounded: early L2 learners also tend to have higher
proﬁciency than late learners, making it difﬁcult to tease apart the
relative contribution of both factors. Indeed, it could be argued
that the two are simply reﬂections of each other, and cannot be
disentangled. However, early AoA does not always mean high
proﬁciency, and high proﬁciency does not always mean early AoA.
Although it is well established that children acquire an L2 more
easily than adults, adults are still capable of becoming highly
proﬁcient (Perani et al., 1998; Wartenburger et al., 2003), and
some children fail to fully acquire a second language in spite of
adequate opportunity to do so (Frost et al., 2013; Sahinkarakas,
2011). Factors such as motivation and environment also play a key
role in successful L2 acquisition (Bernaus and Gardner, 2008;
Gardner et al., 2004) unlike in L1, where failure to acquire lan-
guage is extremely rare outside situations involving severe sensory
deprivation (Fromkin et al., 1974). The present study addressed
individual differences in L2 learning success by examining neural
signatures of L2 processing in adult native speakers of Mandarin
who are second language English speakers. These speakers
showed signiﬁcant variation in both AoA and proﬁciency, allowing
us to examine the two factors in parallel. Additionally, this ap-
proach allowed us to examine effects of L2 learning using a within-
subjects design, rather than creating (potentially arbitrary) groups
of high versus low proﬁciency and early versus late L2 learners.
We ﬁrst used fMRI to isolate areas involved in L2 processing,
and examined how variation in patterns of activation can be ex-
plained either by AoA or proﬁciency. Next, we used DTI to identify
regions in which tract coherence correlated with either AoA or L2
proﬁciency, and which white matter tracts projected from these
regions. We identiﬁed networks of both functional and structural
organisation that were independently explained by proﬁciency
and AoA, suggesting the L2 speaker's brain organisation is not
wholly inﬂuenced by age-dependent learning, but is also suscep-
tible to L2 language ability levels.2. Methods
2.1. Subjects
Twenty-two (17 female) neurologically healthy right-handed
native speakers of Mandarin were recruited via posters at theUniversity of Western Ontario and from the London, Ontario
community. All subjects were English L2 speakers, aged 18–35
(M¼22.18, SD¼4.24), and ranged in age of acquisition from 4–30
years (M¼13.82, SD¼7.12). Two additional subjects were recruited
but excluded from analyses, one due to an incidental ﬁnding and
one due to chance-level performance on both the English and
Mandarin fMRI tasks. Additional subject demographics are pre-
sented in Table 1.
2.2. Behavioural materials
L1 Mandarin and L2 English proﬁciency levels were assessed
prior to scanning using a subset of 48 questions from the Hanyu
Shuiping Kaoshi (HSK Centre, Beijing, China) and the Test of Eng-
lish as a Second Language (ETS, Princeton, NJ) respectively, with
both tests consisting of three sections: Grammar, reading com-
prehension, and vocabulary. The three sections were combined to
give a ﬁnal mark out of 48 for each language, representing overall
proﬁciency in these three domains. As the fMRI task was an au-
ditory lexical-semantic one, this general proﬁciency created from
not just lexical knowledge score helped avoid circularity in cor-
relating lexical knowledge with itself. Despite the written form of
the proﬁciency test and the auditory form of the fMRI task, lexical
knowledge is amodal (Coccia et al., 2004; Lambon Ralph and
Patterson, 2008; Patterson et al., 2007) and thus is not confounded
by the modality in which each task was administered.
AoA was deﬁned as the age at which subjects ﬁrst began
learning English. To verify right-handedness, subjects completed
an abridged version of the Edinburgh Handedness Inventory
(Oldﬁeld, 1971). All behavioural measures were completed in
Mandarin aside from the English proﬁciency test. Letters of in-
formation, informed consent and task instructions were likewise
administered in Mandarin by a native speaker.
2.3. fMRI task
Subjects completed a picture-word matching task during
scanning. This task has been used extensively in the past to study
lexical knowledge (Breining et al., 2014; Dräger et al., 2004; We-
niger et al., 2000), and was chosen to examine lexical-semantic
processing. Because this task does not engage reading or syntax, it
provided an ideal task to investigate lexical-semantic processing.
Pictures appeared centred on a screen mounted at the head of
the scanner bore, which subjects viewed through a mirror placed
above the head coil. At the same time, a word was played binau-
rally through insert earphones (Sensimetrics Corporation, Malden,
MA). Both match and mismatch trials were presented in order to
maximise participants’ engagement during the task, and to en-
courage greater depth of processing than what might be expected
during passive listening or lexical decision. Subjects were required
to indicate as quickly as possible with a button press whether the
picture and word matched. Each picture was visible for 2.5 s.
Table 2
Contrasts of word measures between languages.
Measure Mean (SD) t p
English Mandarin
Frequency 213.83 (258.19) 129.69 (100.66) 1.92 .058
Imageability 5.23 (0.81) 5.78 (.87) 2.89 .004
Familiarity 5.48 (0.66) 5.78 (.62) 1.02 .310
Picture/word match 6.03 (0.57) 6.21 (.57) 1.43 .157
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E-Prime software (Psychology Software Tools, Inc., Sharpsburg, PA)
and a Windows laptop.
The scanning session was divided into 8 runs of 20 trials each
for a total of 160 trials. A short break was provided between each
3.5-minute scanning run. Each image appeared twice during the
experiment, once in a matching pair and once in a semantically
unrelated mismatching pair. Subjects completed four English runs
alternating with four Mandarin runs, with starting language
counterbalanced. Each run began with an image reminding sub-
jects of which buttons to respond with, and subjects viewed a
ﬁxation crosshair between trials. Subjects were also informed at
this time of the language in which the next run would be per-
formed. Each trial was 2.5 s in duration and presented at the onset
of an image acquisition, with inter-trial interval jittered between
2.5–12.5 s in 2.5 s increments, allowing us to more accurately de-
convolve the blood oxygen level dependent signal.
Stimulus word properties are described in Table 2. We selected
40 items in each language, which would each appear twice, once
in a matching pair and once in a mismatching pair. Items denoted
common single-word concepts in English and Mandarin, which
represented two-syllable words in both English and Mandarin, and
had frequencies greater than 40 per million in both languages
(English: CELEX Lexical Database, Baayen et al., 1995; Mandarin:
SUBTLEX-CH, Cai and Brysbaert, 2010). In a separate pilot study
involving different subjects we asked groups of native speakers of
English or Mandarin to rate the imageability and familiarity of the
stimulus words, as well as the correspondence of the pictures to
target words. As noted in Table 2, both groups showed equally
high ratings on all three sets of measures. Both groups of raters
showed highly similar ratings of familiarity and picture/word
correspondence, although imageability was higher for Mandarin
words than English words (t(39)¼2.89, p¼ .004), and frequency
approached signiﬁcance. Although much effort was put into
matching languages on these measures, differences between lan-
guages should not affect interpretation of the results, as our focus
was on subject-wise variability in neural responses to L1 versus L2
rather than how neural responses to the two lists differ on a
whole-group basis.
2.4. fMRI acquisition and processing
Imaging was conducted on a Siemens Magnetom TIM Trio
whole-body 3 T scanner with a 32-channel head coil. T2*-weighted
functional scans were acquired in a transverse plane with 45 slices
per volume (TR¼2.5 s; TE¼38 ms; ﬂip angle¼80°; FOV¼
192192 mm; voxel size 3 mm3) using an iPAT parallel acquisition
sequence (generalised auto-calibrating partially parallel acquisition
[GRAPPA]; acceleration factor¼2), providing full coverage of the
cerebrum with partial loss of the cerebellum. A total of 576 func-
tional scans were acquired for each participant over 8 runs (3.5 min
per run). To ensure stability of the MR signal four functional volumes
that were run but then discarded prior to the start of image acqui-
sition. After the ﬁnal functional run, a whole-head high-resolution
3D anatomical scan was acquired within the sagittal plane, using a3D pulse sequence weighted for T1 contrast (MPRAGE; TR¼2.3 s;
TE¼2.98 ms; FOV¼256256 mm; voxel size¼1 mm3; 176 slices;
GRAPPA acceleration factor¼2).
Data analysis was performed using the AFNI software package
(Cox, 1996). Functional scans were ﬁrst de-obliqued (transformed
to the same cardinal orientation as the anatomical scan, AFNI
3dWarp), then motion corrected by registering each volume to the
last functional volume of the session, which was acquired im-
mediately preceding the anatomical scan, using a 3d rigid body
transformation (AFNI 3dvolreg). Outlier volumes caused by hard-
ware artifacts were identiﬁed as ones signiﬁcantly deviating from
average image intensity using AFNI 3dToutcount using a threshold
of 10,000 outlier voxels, and subsequently removed from statis-
tical analyses using the CENSORTR option in AFNI 3dDeconvolve. A
single motion parameter was created by averaging the absolute
values of six motion parameters (roll, pitch, yaw, superior, left,
posterior directions), and this was included in the subject-level
statistical model as a variable of no interest.
Single-subject statistical maps were formed using a general
linear model (GLM) with the following six predictor functions: one
each for matching and mismatch trials of English runs, one each
for matching and mismatch trials of Mandarin runs, one re-
presenting reaction times and one representing motion. Only
correct trials were included in the analysis, with accuracy ranging
from 71.25% to 100% correct on the Mandarin task, and ranging
from 82.5% to 100% correct on the English task. Subjectwise sta-
tistical maps were then resampled to 1 mm3, and transformed to
stereotaxic space of Talairach and Tournoux (1988) via an auto-
matic registration procedure (least-squares cost function) and a
standard atlas brain. A 5 mm FWHM Gaussian spatial ﬁlter was
then applied (AFNI 3dmerge). Finally, a brain mask was calculated
and applied to each subject's GLM using an automatic procedure
(AFNI 3dSkullStrip). Paired samples t-statistical maps were ob-
tained for differences in activation of L1 and L2 trials, in order to
identify regions that were differentially involved in the processing
of each language. Subsequent analyses examined the association
between subjectwise regional brain activity and behavioural
measures obtained prior to scanning. First, difference in L1/L2
brain activity, using an L2 versus L1 contrast, was calculated.
Multiple linear regression was then performed on this subtraction
(AFNI 3dRegAna), using AoA and proﬁciency as independent pre-
dictor variables. This identiﬁed clusters of voxels in which the
difference between L1 and L2 activation was predicted by AoA
independent of L2 proﬁciency scores, and by L2 proﬁciency scores
independent of AoA. Speciﬁcally, this analysis revealed areas pre-
dicted by one behavioural variable while holding constant the
effects of the other variable. Region of Interest (ROI) masks were
then drawn using these areas, and by-subject beta values for the
L2 versus L1 contrast were extracted and plotted.
For contrasts, correction for multiple comparisons at po .001 was
achieved by setting a minimum cluster size of 195 voxels, obtained
using a 10,000 iteration Monte Carlo simulation (AFNI 3dClustSim) at
a voxelwise alpha level of po .001. Minimum cluster size after cor-
rection for multiple comparisons at po .05 for the multiple regres-
sion analyses was achieved by setting a minimum cluster size of
1318 voxels with a voxelwise alpha level of po .01.
2.5. DTI acquisition and processing
Diffusion-weighted images were acquired following the ana-
tomical scan. Images were acquired in the axial plane using an EPI
sequence (68 slices with 2 mm slice thickness, voxel size¼
2.0832.083 mm in-plane, matrix¼969668, ﬁeld of view¼
200 mm2, 64 diffusion directions with b¼1000 s/mm2, TR¼7.6 s,
TE¼79 ms; GRAPPA acceleration factor¼3).
DTI scans were processed using the AFNI and FSL (FMRIB
E.S. Nichols, M.F. Joanisse / NeuroImage 143 (2016) 15–2518Software Library, FMRIB, Oxford, UK; Smith et al., 2004) software
packages. First, eddy current correction (eddy_correct in FSL) and
motion correction (AFNI 3dvolreg) were performed. Next, voxel-
wise statistical analysis of the fractional anisotropy (FA) data was
carried out using FSL TBSS (Tract-Based Spatial Statistics; Smith
et al., 2006). FA images were created by ﬁtting a tensor model to
the raw diffusion (FDT in FSL), and then brain-extracted using (BET
in FSL; Smith, 2002). All subjects' FA data were then aligned into a
common space using the FSL nonlinear registration tool FNIRT
(Andersson et al., 2010), which uses a b-spline representation of
the registration warp ﬁeld (Rueckert et al., 1999). Next, the mean
FA image was skeletonised with a threshold of 0.2, which re-
presents the centres of all tracts common to the group, and each
subject's aligned FA data was then projected onto this skeleton.
This skeletonised data was submitted to multiple linear regression
(AFNI 3dRegAna), again using AoA and proﬁciency as independent
predictor variables. This identiﬁed clusters of voxels in which the
FA was predicted by AoA independent of L2 proﬁciency scores, and
by L2 proﬁciency scores independent of AoA. Minimum cluster
size after correction for multiple comparisons at p o .001 for the
multiple linear regression analyses was achieved by setting a
minimum cluster size of 8 voxels with a voxelwise alpha level of
po .01, again using a 10,000 iteration Monte Carlo simulation
(AFNI 3dClustSim). (Note the minimum cluster size is much smaller
for DTI than fMRI analyses. This is due to the use of a much
smaller search space in the DTI analyses, which represented a
white matter skeleton versus a spatially-smoothed whole-brain in
the fMRI analyses). For each signiﬁcant cluster, probabilistic trac-
tography was performed subject-wise in native space using BED-
POSTX and FDT diffusion, with ROI masks used as waypoints. The
resulting tractography was then transformed to Talairach space
and averaged to form a thresholded map. To aid visualisation,
2 mm Gaussian blurring was applied to ROI masks before beingTable 3
Clusters of signiﬁcant activation in L2–L1 contrast at a voxel-wise alpha of p o .001.
Contrast Region Talairach coordinates Size
(mm3)
x y z
L1 Mandarin4L2
English
R Middle fron-
tal gyrus
34 35 26 464
R Paracentral
lobule
2 41 50 331
L2 English4L1
Mandarin
L Superior
temporal
gyrus
46 29 9 5499
R Superior
temporal
gyrus
51 15 7 5005
Note. Coordinates denote the location of peak activation. L/R¼ left/right.
Table 4
Clusters of signiﬁcant activation in multiple regression of AoA and proﬁciency in L2 En
Predictor Region
Age of acquisition L Superior temporal gyrus
R Parahippocampal gyrus
R Superior temporal gyrus
L Uncus
L Inferior frontal gyrus
R Inferior frontal gyrus
R Middle occipital gyrus
Proﬁciency L Parahippocampal gyrus
R Cingulate gyrusoverlaying on a stereotaxic brain atlas. Note that tractography is
used here for illustrative purposes, showing how signiﬁcant FA
clusters relate to long-distance tracts; thus only sub-regions of
these tracts actually showed FA values that were signiﬁcantly re-
lated by our behavioural measures.3. Results
3.1. Behavioural results
Analyses of the behavioural data acquired prior to scanning
conﬁrmed L2 proﬁciency was signiﬁcantly weaker than L1 proﬁ-
ciency (t(21)¼3.24, p¼ .003). We also observed a relative decoupling
of AoA and proﬁciency measures, marked by a null correlation in the
two measures (r¼ .02, p¼ .940). Corresponding analyses using age of
arrival in North America or number of years since arrival yielded
similarly null effects, suggesting that proﬁciency and AoA were
generally unrelated in our sample.
For the picture-word matching task performed during fMRI
scanning, there was no signiﬁcant difference between Mandarin
and English trials in terms of RT (M¼1.27 s, SD¼ .32, M¼1.28 s,
SD¼ .62, respectively; t(21)¼0.36, po .941) or accuracy (M¼94%,
SD¼8.79, M¼95%, SD¼4.03; t(21)¼ .61, p¼ .517).
3.2. fMRI results
We ﬁrst identiﬁed regions showing differences in activation for
L1 (Mandarin) versus L2 (English) trials. As listed in Table 3, results
revealed greater activity in the right middle frontal gyrus and right
paracentral lobule in L1 compared to L2, and greater activity in
bilateral superior temporal gyri (STG) in L2 compared to L1.
Multiple regression analysis was next performed to identify
how AoA and L2 proﬁciency predicted differences in activation for
L2 versus L1 trials. Note these regions might not overlap with
those identiﬁed in the direct L2 versus L1 contrast above because
the degree of difference could differ across subjects as a function
of either the AoA or proﬁciency variables. Indeed, as shown in
Table 4, AoA uniquely predicted activity differences in seven areas,
notably the right parahippocampal gyrus, bilateral STG, and the
bilateral inferior frontal gyrus (Fig. 1A). Conversely, proﬁciency
uniquely predicted activity in the left parahippocampal gyrus and
the right cingulate gyrus (Table 4 and Fig. 1B). The relationship
between AoA and key regions identiﬁed by the above analyses is
plotted in Fig. 2A; for all regions except the bilateral STG, early L2
learners showed greater activation when performing the task in L1
compared to when performing the task in L2. As AoA increased,
the direction of the difference in activation reversed, and late L2
learners showed greater activation when performing the task in L2
compared to when performing the task in L1. Interestingly, in theglish when compared to L1 Mandarin.
Talairach coordinates Size (mm3)
x y z
37 60 18 4875
64 14 8 3711
57 13 5 3097
45 54 15 2735
30 37 6 2420
28 3 10 1808
24 4 9 1325
41 13 9 1605
52 38 19 1498
Fig. 1. Multiple regression of the difference in activation between the L2 English
versus L1 Mandarin tasks as a function of either (A) AoA or (B) L2 proﬁciency.
Statistical maps are thresholded at F¼4.38, p¼ .05, overlaid on a stereotaxic brain
atlas, L¼ left. Cluster sizes are reported in Table 4.
Fig. 2. Scatterplots indicating A) The relationship between AoA, controlling for proﬁcien
Mandarin tasks (L2 versus L1 contrast), in each of the regions predicted by AoA. B) Th
versus L1 contrast, in both regions predicted by proﬁciency. Positive beta values reﬂect
E.S. Nichols, M.F. Joanisse / NeuroImage 143 (2016) 15–25 19bilateral STG the difference in activation between L2 and L1 was
largest at early AoAs, with L1 activating more than L2, and ap-
proached zero with increasing AoA.
The relationship between proﬁciency and key regions identiﬁed
by the above analyses is plotted in Fig. 2B. For both areas, low pro-
ﬁciency L2 speakers showed greater activation when performing the
task in L1 compared to when performing the task in L2. However, as
proﬁciency increased, the reverse pattern appeared, with high pro-
ﬁciency L2 speakers showing greater activation when performing
the task in L2 than when performing the task in L1.
It is important to note that when examining proﬁciency, raw L2
proﬁciency score was used as a regressor, as opposed to the dif-
ference between L1 and L2 proﬁciency. However, L2 proﬁciency
and the L1–L2 proﬁciency difference are tightly correlated
(r¼ .81, po .001). Due to the nature of the values of the differ-
ence between L1 and L2 proﬁciency, a regression model using the
difference as a regressor was unable to converge, however plotting
the L1–L2 proﬁciency difference against betas extracted from the
left parahippocampal gyrus and right cingulate conﬁrmed that
smaller differences between L1 and L2 proﬁciency, i.e., higher L2
proﬁciency, corresponded to greater activation levels for L2 versus
L1 in both areas.cy, and beta values for the difference in activation between the L2 English and L1
e relationship between proﬁciency, controlling for AoA, and beta values for the L2
s L24L1, and negative beta values reﬂects L14L2.
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To examine how white matter integrity is related to L2 beha-
vioural measures, we performed multiple regression on the skele-
tonised FA data, allowing us to identify regions of white matter
whose FA was uniquely predicted by AoA or proﬁciency. Results of
the multiple regression are shown in Table 5 and Fig. 3. AoA was
positively associated with FA in four sections of tracts: two in the left
inferior longitudinal fasciculus (ILF), one in the ﬁbres emerging from
the anterior midbody of the corpus callosum, and one in the arcuate
fasciculus. Proﬁciency was also positively associated with FA in three
sections of tracts: one in the right ILF, one in the right arcuate fas-
ciculus, and one in the forceps minor of the corpus callosum.
We next used probabilistic tractography to compute volumes of
white matter ﬁbres extending from each ROI identiﬁed in the above
regression analysis. The group averages of the computed volumes for
each ROI are shown in Fig. 4. Two separate networks of white matter
were identiﬁed, with AoA being associated with the bilateral ILF, left
corpus callosum, and left arcuate fasciculus. This network was
composed of complimentary right and left hemisphere tracts, with
connections between hemispheres. In contrast, proﬁciency showed
an extensive right-lateralised network composed of the inferior
longitudinal fasciculus, arcuate fasciculus, and forceps minor, with
limited projections to the left hemisphere.4. Discussion
Previous studies disagree as to whether the neural substrates of
ﬁrst- versus second-language processing differ due to age of ac-
quisition (AoA) or proﬁciency. In the past, both factors have typi-
cally been studied independently of one another. Likewise, both
have typically been treated as discrete rather than continuous
variables. As such, there has been much inconsistency in the lit-
erature with respect to the cutoff points for early versus late age of
acquisition, and to low and high proﬁciency. Thus, results tend to
be difﬁcult to interpret across studies.
The present study sought to isolate the contribution of both
variables to neural function and white matter microstructure
supporting second-language English in native speakers of Man-
darin. Of note, individuals in our sample showed a relative de-
coupling of the two variables of interest such that their AoA did
not signiﬁcantly correlate with English proﬁciency level. This is
likely due to how English as a second language is taught in
mainland China, which provides minimal opportunity to use
English outside of the educational curriculum. Indeed, the popu-
lation studied here was not fully immersed in their L2 from the
time of ﬁrst exposure (and perhaps not ever) and consequently
their proﬁciency outcomes varied signiﬁcantly compared to po-
pulations where this is the case. Thus while many of theseTable 5
Clusters of white matter in which FA was predicted by AoA and proﬁciency in Mandari
Predictor Region
Age of acquisition L Corpus callosum
L Arcuate fasciculus
L Inferior longitudinal fasciculus
R Inferior longitudinal fasciculus
Proﬁciency R Inferior longitudinal fasciculus
R Arcuate fasciculus
R Forceps minorindividuals began learning English at an early age, the level of
proﬁciency achieved by those individuals was not uniformly high.
If the relationship were stronger, the independent contribution of
either variable would have been statistically harder to identify. The
weak relationship between the two variables provided us with the
opportunity to examine proﬁciency and AoA variables in a way
that was not confounded.
During fMRI scanning, individuals performed a lexical proces-
sing task in either Mandarin (L1) or English (L2). Groupwise ac-
tivity was signiﬁcantly greater in L1 than in L2 in the right middle
frontal gyrus (MFG) and the right paracentral lobule. The right
MFG has been implicated in a number of processes, including re-
cognition memory (Ranganath et al., 2003; Rugg et al., 1996),
which may be higher in L1 than L2. The paracentral lobule is a key
part of the default mode network (Margulies et al., 2009), which
may be more engaged during a language task in which the subject
is more comfortable. Conversely, groupwise activity was sig-
niﬁcantly greater in L2 than in L1 in both the left and right su-
perior temporal gyri, in line with previous studies of spoken word
processing in a second language (Dehaene et al., 1997; Kim et al.,
1997; Perani et al., 1998). However, due to the large amount of
variability in our sample, L2–L1 contrasts should be interpreted
with caution.
We next examined individual differences in second language
learning by performing a linear regression analysis on subjectwise
differences in L2 versus L1 activation in which we tested the in-
dependent effects of AoA and proﬁciency on neural activation. This
approach identiﬁed multiple brain regions that were independently
modulated by either AoA or L2 proﬁciency. We found that AoA un-
iquely predicted the degree of L2 involvement in the classic lan-
guage-processing network, namely the bilateral STG and IFG, such
that L2 activity relative to L1 activity in these regions increased as a
function of later AoA. Both the STG and IFG are known to be involved
in speech comprehension (Friederici et al., 2003; Grindrod et al.,
2008; Myers et al., 2009; Obleser et al., 2006; Scott and Johnsrude,
2003; Warren et al., 2006), with degree of activity in both areas
found to increase as a function of processing demands (Fridriksson
and Morrow, 2005; Noppeney et al., 2004; Obleser et al., 2007;
Sharp et al., 2010). Additionally, our results support the ﬁnding of
increased bilateral activation in L2 versus L1 (Centeno et al., 2014;
Park et al., 2012). This was demonstrated by the positive relationship
between AoA and activation in all areas identiﬁed in the regression,
suggesting that as AoA increases, there is additional recruitment of
right-hemisphere areas in addition to the typical left-hemisphere
areas. Thus, the increased activity observed in the present study may
reﬂect more effortful processing within basic speech perception
mechanisms as AoA increases.
AoA also modulated activity in the right parahippocampal gyrus.
The left parahippocampal gyrus has been implicated in semantic
memory and retrieval (Binder et al., 1997), and it is possible thatn–English L2 speakers.
Talairach coordinates Size (mm3)
x y z
12 20 49 21
38 8 36 18
34 63 25 9
28 77 30 9
44 24 15 10
8 13 13 10
36 48 1 8
Fig. 3. Multiple regression of the skeletonised FA values as a function of either (A) AoA or (B) L2 proﬁciency. Regions explaining signiﬁcant variance are shown in red. To aid
visualisation, ROI masks were smoothed to 2 mm before being overlaid on the averaged FA skeleton. Statistical maps are thresholded at F¼14.92, p¼ .001 (corrected),
overlaid on a stereotaxic brain atlas, L¼ left. Cluster sizes are reported in Table 5.
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of right parahippocampal areas for semantic retrieval of L2. Indeed,
the right parahippocampal gyrus has been implicated in L2 proces-
sing, and found to be present in high proﬁciency late L2 learners
while processing their L2 but not their L1 (Perani et al., 1998).
The positive relationship between AoA and level of activation in
the language-processing network also supports previous research
showing increased activation in late learners (Isel et al., 2010; Kim
et al., 1997; Hernandez and Li, 2007; Wartenburger et al., 2003).
FMRI effects that are attributed to AoA could reﬂect proﬁciency
which is often confounded with AoA. Because proﬁciency was
explicitly controlled for in our analyses of AoA, we argue that ac-
tivation differences predicted by AoA reﬂect age-dependent effects
of plasticity for spoken word processing, rather than simply anindex of subsequent proﬁciency differences between early and late
L2 learners.
Our design also allowed us to similarly examine the inﬂuence
of proﬁciency independent of AoA, yielding a complementary
pattern of results in the left parahippocampal gyrus and right
cingulate gyrus. At lower proﬁciencies, activity in L2 was less than
activity in L1; however, as proﬁciency increased, activity in L2
became greater than activity in L1. One interpretation is that
lower-proﬁciency L2 speakers will tend to rely less on brain re-
gions involved L1 language processing. Indeed, Chee et al. (2004)
found increased left insula activation in high proﬁciency L2
speakers compared to low proﬁciency speakers, even though both
groups performed equally on a phonological working memory
task. Thus, greater engagement of language-related areas may
Fig. 4. Probabilistic tractography based on white matter seeds identiﬁed by multiple regression (see Fig. 3 and Table 5), representing the independent contribution of AoA
(A) and L2 proﬁciency (B). Tractography is overlaid on a stereotaxic brain atlas, L¼ left.
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lowing individuals to become more proﬁcient (Callan et al., 2003,
2004). Although it is difﬁcult to determine whether greater ac-
tivity reﬂects effort or effectiveness, the positive correlation be-
tween proﬁciency and L2–L1 difference shown in Fig. 2B supports
this conclusion, showing that increasing proﬁciency predicts
greater L2 activation than L1 activation in both the right cingulate
gyrus and the left parahippocampal gyrus.
Much less is known about how L2 ability is reﬂected in the
microstructure of white matter tracts supporting language. While
some studies have observed differences in white matter for
monolinguals versus bilinguals (Coggins et al., 2004; Cummine
and Boliek, 2013; Luk et al., 2011; Mohades et al., 2012), it remains
an open question whether these differences are inﬂuenced by the
age at which a L2 was learned, or the relative proﬁciency that an
individual has achieved in their dominant versus second language.To address this, we located regions of white matter where the FA
values were independently predicted by AoA or proﬁciency. We
also computed white matter tracts extending from these ROIs as
an indication of the structural pathways involved in second lan-
guage processing. The results revealed that FA was positively
correlated with AoA in one section of the left corpus callosum,
which has been previously found to be larger in bilinguals than
monolinguals (Coggins et al., 2004), although Mohades et al.
(2012) failed to ﬁnd differences in FA in this tract. FA was also
positively correlated with AoA in the left arcuate fasciculus, which
contains bidirectional connections between IFG and STG (i.e.,
Broca's area and Wernicke's area), and in the bilateral ILF, which
connects occipital regions of cortex to inferior temporal regions of
cortex through ventral pathways. This supports the present fMRI
results, which found increased activation with increasing AoA that
included the left IFG and STG, demonstrating that both local
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quisition and processing. The present results also support the
presence of a dual route in language connectivity containing both
dorsal and ventral regions (Duffau et al., 2005; Frey et al., 2008),
demonstrating that these pathways are affected by the age at
which a second language is learned.
FA positively correlated with proﬁciency in sections of the right
ILF, arcuate fasciculus, and forceps minor of the corpus callosum,
consistent with fMRI ﬁndings of greater right-hemisphere in-
volvement linked to L2 proﬁciency (Chee et al., 2001; Dehaene
et al., 1997; Wang et al., 2011). All three tracts have previously
been tied to bilingualism (Mohades et al., 2012; Luk et al., 2011),
although results have been variable. While a cross-sectional study
of bilingual and monolingual children found higher FA in the
anterior portion of the corpus callosum in monolinguals (Mohades
et al., 2012), these group differences were no longer present two
years later (Mohades et al., 2015). In contrast, Luk et al. (2011)
found higher FA in the corpus callosum in lifelong bilinguals
compared to monolinguals. Similarly, Mohades et al. (2012), (2015)
found no differences between monolinguals and bilinguals in the
arcuate fasciculus, while Luk and colleagues found increased FA in
both the SLF and ILF of lifelong bilinguals relative to monolinguals.
Although these studies did not examine proﬁciency and AoA, the
present study suggests that differences in white matter micro-
structure between bilinguals and monolinguals may be in part due
to both age effects and proﬁciency levels in L2.
We propose that these positive correlations reﬂect the differing
and independent contributions of AoA and proﬁciency to L2 pro-
cessing. The most intuitive ﬁnding is of a positive relationship
between proﬁciency and tract FA, such that higher proﬁciency in a
second language promotes higher white matter integrity among
brain regions supporting second-language learning. In contrast,
the positive relationship between AoA and FA is perhaps less in-
tuitive, however it suggests that older learners rely more heavily
on the bilateral ILF, left corpus callosum, and left arcuate fasciculus
to compensate for a late AoA. Indeed, higher FA values have been
found in the corpus callosum of bilingual individuals who acquired
their two languages sequentially relative to simultaneously (Mo-
hades et al., 2012). This positive relationship between AoA and FA
is in agreement with the present fMRI ﬁndings in which later AoA
led to an increase in activity, again suggesting increased effort or
usage of areas related to L2 processing.
Probabilistic tractography allowed us to determine the network
of tracts supporting the bilingual brain. Two separate sets white
matter tracts emerged, with those underlying AoA showing com-
plimentary tracts extending anterior-posterior in each hemisphere
and connecting inter-hemispherically. In contrast, areas of FA that
correlated with proﬁciency were right-lateralised, thus the net-
work revealed by probabilistic tractography was also generally
right-lateralised, although the tracks also projected contralaterally
through anterior portions of the corpus callosum. We propose that
the maturational constraints reﬂected here by AoA modulate
whole-brain white matter connections involved in L2 acquisition
and processing, while proﬁciency instead primarily modulates
connections in the right hemisphere. This is supported by previous
research showing that AoA predicts more widespread modulations
in the brain than proﬁciency, while proﬁciency tends to result in
the recruitment of right-hemisphere areas (Chee et al., 2001; De-
haene et al., 1997; Indefrey, 2006; Kim et al., 1997; Wang et al.,
2011).
The results help to inform present theories of why neural sig-
natures of L2 differ from those of L1. We identiﬁed a network of
regions in which differences in L1–L2 processing are predicted by
AoA independently of proﬁciency. However, we also identiﬁed two
regions, the right cingulate gyrus and the left parahippocampal
gyrus, whose L1–L2 differences were predicted by proﬁciencyindependent of AoA. These results indicate that neuroanatomical
models of L2 processing must account for both AoA and proﬁ-
ciency, with age-dependent and experience-dependent plasticity
affecting the L2 processing network and driving differences be-
tween L1 and L2.
The present study currently leaves open the nature of the re-
lationship between proﬁciency and white matter integrity. While
we only identiﬁed tract regions showing a positive association
between FA and proﬁciency, the direction of causation remains
unclear. The association may relate to the reinforcement of white
matter tracts as a result of more frequent practice and/or greater
L2 exposure – that is, all individuals might possess a similar initial
state of white matter coherence, but those who are generally
predisposed to being better second language learners will subse-
quently develop more coherent white matter tracts over time.
Alternatively, it might be that higher proﬁciency is itself a direct
consequence of superior pre-existing white matter integrity in
areas required for learning an L2, such that higher white matter
integrity individuals are predisposed to become more successful
L2 learners. We expect that longitudinal designs that better ac-
count for the independent contributions of AoA and proﬁciency
will shed more light on this distinction.
One potential concern about our design is also worth noting
here: because the two languages were presented in interleaved
alternating runs during scanning, it is possible that the differences
in proﬁciency are inﬂated due to language switching. For instance
individuals with greater language proﬁciency might also have had
greater facility in alternating between English and Mandarin from
one run to the next, thereby inﬂuencing the results. However, this
was not a rapid language-switching paradigm, rather each run
consisted of 3.5 min of trials in a single language. Likewise, sub-
jects were given breaks between languages and informed of which
language was upcoming. Based on this, we argue that the alter-
nating runs paradigm was likely not problematic, although we
cannot rule out its inﬂuence on the results. In addition, it should
be noted that due to the limited nature of the fMRI task, the
functional conclusions cannot be extended beyond the current
paradigm.
4.1. Conclusions
The goal of the present study was to examine both functional
and structural correlates of second language processing as a
function of age of acquisition and proﬁciency. Two separate net-
works of brain regions and white matter tracts predicted by these
two variables emerged, conﬁrming that both play a role in how the
brain supports two languages.
These ﬁndings help to integrate previous results concerning the
functional and anatomical correlates of L2 learning. This is the ﬁrst
study to map how AoA and proﬁciency independently explain
neural differences in second language. Of note, treating both AoA
and proﬁciency as continuous variables also overcomes the con-
cern with experimental designs that attempt to divide individuals
into binary groups such as ‘early’ versus ‘late’ L2 learners, and
‘high’ versus ‘low’ proﬁciencies. Inconsistencies in the literature
regarding where to draw the divide between early and late AoA
and high and low proﬁciency have made it difﬁcult to compare
between studies. The current approach provides a clearer de-
scription as to how the brain is affected by these two variables.
This is also the ﬁrst study we know of to merge measures of
grey and white matter organisation to address this important
question. Additionally, there are few studies using DTI to compare
monolinguals and bilinguals, and the results appear to be con-
ﬂicting, in that they have yielded both positive and negative as-
sociations between white matter FA and L2 ability. The results of
the current study indicate that both functional activity and white
E.S. Nichols, M.F. Joanisse / NeuroImage 143 (2016) 15–2524matter integrity play a role in L2 learning, that the association
might be either positive or negative depending on the brain region
in question, and that ultimate success in L2 learning hinges both
on age-dependent and age-independent factors.Funding
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